ABSTRACT: Closed cages were used in Glovers Atoll, Belize to test the effects of organic matter (OM) and inorganic nutrient (N + P) additions on microbial euendolithic communities (bacteria, fungi, and algae) and their rates of bioerosion of Strombus gigas shells during a 49 d fertilization experiment. We hypothesized that the addition of OM would release heterotrophic microborers from C-limitation and at the same time reduce light levels for euendolithic microalgae, thus changing the microborers' community composition and their bioerosion rates. The addition of OM increased the abundance of heterotrophs (particularly fungi), but only when OM was added alone, not when it was combined with inorganic nutrients. In contrast, both cyanobacteria and green algae were stimulated by the addition of inorganic nutrients, but were not affected by OM; these taxa were 4 times more abundant in treatments with inorganic nutrients than in control and OM treatments. Green algae dominated the control, N + P and N + P + OM treatments (77 to 87% green algae, 6 to 8% cyanobacteria, 4 to 16% heterotrophs), whereas in the OM treatment, heterotrophs represented nearly 50% of the total area colonized (52% green algae, 4% cyanobacteria, 44% heterotrophs). Bioerosion rates in treatments with added inorganic nutrients (396 g CaCO 3 m -2 yr -1 in the N + P treatment and 370 g CaCO 3 m -2 yr -1 in the N + P + OM treatment) were 9-fold greater than bioerosion rates in the control and OM treatments (43 and 48 g CaCO 3 m -2 yr -1 , respectively), and were not affected by OM addition. We conclude that inorganic nutrients are a major factor controlling the microbioerosion rates and the abundance of euendolithis algae over fungi in carbonate substrata. Microborers act in synergy with the grazers that feed on them and with macroborers that increase the internal surfaces available for microborers to colonize. As a result, increased nutrients can initiate a feedback loop where bioerosion processes reinforce one another, leading to accelerated erosion of the reef framework.
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INTRODUCTION
Degradation of coral reefs is often related to nutrient enrichment associated with increased agriculture activity and urbanization near coastal areas (McClanahan 2002 , Szmant 2002 , Fabricius 2005 . Disturbances from nutrients and organic matter (OM) enrichment include shifts in coral-to algal-dominated reefs (Abram et al. 2003 , Lapointe et al. 2004 , decreased recruitment and growth of corals (Kinsey & Davies 1979 , Tomascik 1991 , Ferrier-Pagés et al. 2000 , Ward & Harrison 2000 , higher incidence of coral diseases (Harvell et al. 1999 , Kuta & Richardson 2002 , Bruno et al. 2003 , increased macroborer abundance (Highsmith 1980 , Rose & Risk 1985 , Sammarco & Risk 1990 , Risk et al. 1995 , Holmes et al. 2000 , Ward-Paige et al. 2005 , and reduced reef accretion rates (Hallock 1988 , Edinger et al. 2000 . Elevated inorganic nutrients (e.g. phosphate, nitrate, nitrite, ammonia) have often been suggested to be the major cause of these disturbances; however, experimental support of this claim remains controversial (reviewed by Szmant 2002) , and OM or other unmeasured toxins may often be responsible for some observed coral mortality (Jones & Kerswell 2003 , Kuntz et al. 2005 .
Although toxic pollutants are important locally, OM is a globally important constituent of pollution of nearshore coral reefs because most of the nutrients are discharged to the sea in particulate form (e.g. dead and decaying plants; human and animal waste) (Fabricius 2005) . Furthermore, much of the dissolved inorganic nutrients can be taken up and converted into particulate forms within hours to days (Furnas et al. 2005) . This issue prompted an experimental study of the combined effects of OM and inorganic nutrients on fish, algae, and coral condition at Glovers Atoll, Belize (McClanahan et al. 2005) . Here, we report the results from investigations on nutrient effects on the microbial euendolithic community composition and their bioerosion rates within the same fertilization experiment.
Microbial euendoliths (mainly bacteria, fungi, and algae) are common inhabitants of carbonate substrata in temperate and tropical marine environments (Golubic et al. 1975 , Perkins & Tsentas 1976 , Budd & Perkins 1980 , Highsmith 1981 , Chazottes et al. 1995 , Vogel et al. 2000 , Chazottes et al. 2002 , Golubic & Schneider 2003 , Tribollet & Golubic 2005 , Tribollet 2008a ). Experimental work in tropical settings has demonstrated that microbial euendoliths, or microborers, are important agents of bioerosion, involved in the breakdown of skeletal material (Chazottes et al. 1995 , Tribollet et al. 2002 , Carreiro-Silva et al. 2005 , Tribollet & Golubic 2005 , limestone coastal erosion (Schneider & Torunski 1983 , Radtke et al. 1996 , and erosion of loose carbonate sediment grains (Tudhope & Risk 1985) . Microbial euendolithic organisms colonize substrata more rapidly than any other group of bioeroders, representing the first bioerosion process to occur (within 4 to 9 d) on newly exposed carbonate substrata (Golubic et al. 1975 , Perkins & Tsentas 1976 , Kobluk & Risk 1977 , Tudhope & Risk 1985 , Vogel et al. 2000 .
Under natural conditions, the early microborer community in shallow water habitats (1 to 20 m) is dominated by the pioneer short-lived green alga Phaeophila sp. (Kiene et al. 1995 , Gektidis 1999 , Vogel et al. 2000 , Carreiro-Silva et al. 2005 . This community is then slowly replaced after 3 mo by low-light specialists such as the green alga Ostreobium quekettii and the cyanobacterium Plectonema terebrans, which are able to grow under the reduced light conditions caused by epilithic algal overgrowth and in deeper parts of the substrata (Vogel et al. 2000) . A mature microborer community dominated by O. quekettii and P. terebrans typically occupies substrata after >1 yr (Chazottes et al. 1995 , Gektidis 1999 , Tribollet & Golubic 2005 . Euendolithic heterotrophic fungi and bacteria depend upon a usable source of OM for food. They feed on the organic matrix of substrata, such as shells and skeletal bioclasts, and on algae . Thus, heterotrophs are usually slow to colonize substrata and become more abundant as euendolithic algal colonization increases (Kiene et al. 1995 , Gektidis 1999 , Vogel et al. 2000 .
Results from our previous fertilization-herbivory experiment in Belize indicated that bioerosion rates by microborers were enhanced nearly 10-fold by fertilization, but were reduced by half with the inclusion of herbivores (Carreiro-Silva et al. 2005) . However, that study did not investigate the role of OM, another ubiquitous component of eutrophication. Here, we examined the combined effects of inorganic nutrients and OM fertilization and hypothesized that the addition of OM would change the microborer community structure from an autotrophic-to a heterotrophic-dominated community. OM was hypothesized to interact with inorganic nutrients by releasing heterotrophs from carbon limitation and by decreasing the light available (through increased water turbidity and particle settlement on substrata) to euendolithic autotrophs.
MATERIALS AND METHODS
Study site. This study was conducted at Glovers Reef, Belize, from June to August 2002. The reef is a coral-rimmed atoll, 32 km long and 12 km wide, located approximately 45 km off mainland Belize (Fig. 1a) . Experimental substrata were placed at 2 m depth on the windward side of a patch reef in the Con-servation Zone of the atoll's lagoon, where resource extraction is prohibited. The reef is remote and experiences no significant local organic pollution apart from seasonal inputs from distant rivers into this larger oceanic region (Cherubin et al. 2008) . The waters in this area are calm with a small (< 0.5 m) tidal range and slow currents (<1 m s -1 ). No large waves or other physical disturbances such as hurricanes were experienced during the study period.
Experimental design. A factorial experimental design was used with closed cages to test for the effects of OM and inorganic nutrients and their interactions over a 49 d period. The factors studied were inorganic nutrients (N + P) and OM in a 4 treatment structure: (1) a control treatment without fertilizer addition, representing environmental background conditions; (2) an OM treatment, consisting of untreated fine wood dust placed in a mesh nylon bag (mosquito netting) beneath the cages; (3) an inorganic nutrients treatment (N + P) consisting of inorganic fertilizer spread beneath the cages; and (4) an inorganic nutrients and OM treatment (N + P + OM). In this later treatment, the fertilizer was added to the wood dust inside the same mesh bag. Sixteen cages (50 × 50 × 20 cm), using 4 cages per treatment, were constructed with PVC frames and 3 cm mesh plastic caging material (Fig. 1b) . Cages were tied to cement masonry blocks that kept them solidly on the reef bottom. The cage mesh size allowed for good water flow and light penetration, and conditions in the cage were expected to resemble natural substrata. Nevertheless, results of actual bioerosion rates should be interpreted with caution due to possible caging effects.
Experimental substrata were made of Strombus gigas mollusc shells. Shells were used instead of coral blocks because their less porous structure produces better casts of boring organisms (Vogel et al. 2000) . This improves identification of boring traces, as well as measurements of abundance and depth of penetration used for bioerosion rate estimates. In addition, blocks made of live coral often contain pre-existing traces of boring algae and fungi , which may compromise estimates of microborer surface colonization and bioerosion rates due to treatment effects. By using undamaged interior parts of shells in the present study, artefacts due to pre-existing microborings were avoided. There are differences in the density of coral skeletons and mollusc shells; therefore, bioerosion rate estimates for shells may not correspond to rates for corals. However, the objective of the study was to investigate how inorganic nutrients and OM interact and affect microbioerosion of carbonate substrata by comparing species composition and bioerosion rates between treatments, and not to determine absolute bioerosion rates.
Two pieces (~12 × 6 × 1 cm, length × width × thickness) of Strombus gigas shell fragments were placed in each cage, for a total of 8 replicate shell samples exposed to each of the 4 treatments. Shell fragments were fixed to cages by drilling a hole in each of the conch shell pieces and attaching them to the bottom of the cages with black plastic cable ties such that the shell interiors were facing upward. Cages were placed >1 m apart, in a line aligned 90°to the dominant current direction such that neighbouring cages would not slow the currents experienced by the cages and fertil- izer would not influence the non-fertilized treatments. Wire brushes were used to clean all cages of algae and other settling organisms every other day to reduce artefacts due to caging such as decreased light and obstruction of local water flow associated with increased algal growth on the mesh of cages. Care was taken not to touch fertilization bags during cleaning of cages to avoid contamination among treatments.
Cages excluded large herbivorous fishes and large predators, but allowed small fishes, such as damselfishes Stegastes spp., wrasses (Labridae), and small parrotfish Sparisoma aurofrenatum and Scarus inserti, to enter and forage (McClanahan et al. 2005) . Additionally, the experimental site was uninhabited by sea urchins and not affected by their foraging. No gastropods or crustaceans were observed inside cages throughout the experiment. The number of damselfish, parrotfish, and wrasses that occupied each cage was counted 3 times during the study period over a 3 min period, and these data were presented by McClanahan et al. (2005) .
Nutrient enrichment and sampling. The inorganic fertilizer consisted of 1.5 kg Scott's slow-release fertilizer, which was spread evenly beneath the cages (as described by Carreiro-Silva et al. 2005) , such that each fertilized cage received a dose of 500 g P 2 O 5 , 215 g ammonium, and 57.5 g nitrate at the start of the experiment and again after 1 mo. The OM treatment consisted of 5 kg of untreated and fine sawdust collected from a sander at a local carpenter's workshop. Some fertilizer still remained beneath the cages at the time of re-fertilization after 1 mo, suggesting that the original fertilizer was still diffusing out when it was replenished.
Water samples from each cage were collected 1 wk after the first fertilizer addition and 1 wk before the end of the experiment, such that 32 water samples were taken balanced between the 4 treatments. Samples were taken from each cage by opening 100 and 500 ml acid-washed Nalgene bottles approximately 1 cm above the surface of the substratum. Concentrations of inorganic nitrate/nitrogen and phosphate/phosphorus and suspended solids were measured on the same day with a Hach DR/2500 spectrophotometer using the cadmium reduction method for nitrate and the ascorbic acid method for phosphorus (Parsons et al. 1984) . These data were presented by McClanahan et al. (2005) .
Sample preparation. Immediately after collection from the cages, shell fragments were fixed in 4% formaldehyde in seawater solution. Epilithic algal communities on shells (n = 8 per treatment) were studied by taking photographs of the shell's upper surface and estimating the percent surface area covered by different algal groups (turfs, crustose coralline algae, and macroalgae) using the image analysis software ImageJ (available at the National Institute of Health website).
Two approaches were used to document the composition and abundance of microbial euendoliths in each treatment: (1) casts of the boring traces in the experimental samples were observed under scanning electron microscopy (SEM) to provide documentation of the microbial euendoliths' community composition and abundance, allowing the quantification of their bioerosion rates, and (2) observation of microbial euendoliths under light microscopy for detailed identification and confirmation of organisms that produce the traces seen in the SEM casts.
Casts were prepared by cutting and trimming two 1 cm 3 cubes from the middle portion of each shell fragment with a diamond-blade rock saw. The area around the hole drilled for fixing shells to cages and the edges of shells were carefully avoided during sample preparation because shell damage may facilitate penetration by euendoliths (Kaehler 1999) . Organic remains in samples were dissolved with sodium hypochlorite for 24 h, rinsed with distilled water, and dried overnight at 50°C. Dried samples were impregnated with epoxy resin (araldite) under vacuum (modified after Golubic et al. 1970) . Embedded shell pieces were sawn along their longitudinal axes and placed in a solution of hydrochloric acid (5% HCl) to eliminate the shell carbonate matrix and expose the boring trace casts. Casts of shells used in the experiment and casts of unexposed shells were investigated by SEM. Examination of unexposed shell fragments (n = 8) confirmed that there were no borings prior to the experiment. Eight shell samples per treatment and two 1 cm 3 subsamples per shell were analyzed.
In order to investigate the organism by light microscopy, the soft epilithic overgrowth of shell pieces (n = 20) was removed under a dissecting microscope and diluted HCl was used to dissolve the remaining calcareous incrustation (coralline algae) and substratum. The emerging microbial endoliths were mounted on microscope slides and examined with a Leica DM6000 digital microscope by the differential interference contrast (DIC) method at 400 to 1000 × magnification.
Because the identification of microbial euendolithic organisms and the quantification of bioerosion rates were based on the morphology of the boring traces, a dual system of taxonomic nomenclature was used: ichnotaxonomy was applied for the morphological classification of the traces and biological nomenclature was used for classifying the euendolithic organisms that produced the traces. For example, the boring trace Eurygonum nodosum is generally assumed to be produced by the cyanobacterium Mastigocoleus testarum (Radtke 1993; Fig. 2a,b) . The names and identification of the microbial organisms and their boring casts followed descriptions by Le Campion-Alsumard (1979), Radtke (1993) , and Wissak et al. (2005) . The proposed changes of the name for cyanobacterial traces Hyella and Solentia from Fasciculus Radtke, 1991 to Fascichnus and for traces of the green alga Ostreobium from Reticulina to Ichnoreticulina were adopted.
Bioerosion rates. The resin-cast method described above results in 3-dimensional casts of the tunnel systems produced by euendoliths within the shells. Based on their structure, microboring traces were classified into morphological types (filament networks, spherical chambers, filament clusters). SEM images with several examples of the percent area of the shell inner surface colonized by borings were prepared, and the surface areas of boring traces were carefully measured using ImageJ. These percentage abundance keys were based on keys presented by Flügel (1982) and used in sedimentary geology and the microscopic analysis of grain percentages in rock thin-sections. The percent area colonized by microborers was determined by comparing the SEM images to this key of different abundances (Kiene et al. 1995 , Vogel et al. 2000 . By comparing these key images to the small areas viewed with the SEM on each sample's inner upper surface, the areas could be rapidly classified as to their type and to the percent area colonized by borings without having to measure these variables for every area observed. The depth of boring was measured in each sample by observing the sides of boring casts under SEM and measuring the height of boring tunnel networks (n = 20). Although it is not an absolute measure of bioerosion, the results obtained from this procedure provide an adequate method for comparing relative bioerosion rates between samples and treatments (Vogel et al. 2000) .
Abundance of different microborers and rate of microboring was measured by classifying twenty 1 mm 2 areas of the 1 cm 2 sample's inner upper surface using the keys described above. The volume of calcium carbonate removed by the microborers in each sample was evaluated by multiplying the estimates of the percent area colonized by the boring traces by their depth of penetration. An estimate of the rates of microbioerosion multiplied the volume of calcium carbonate removed by microborers (g cm -2 ) by the shell density (2.65 g cm -3
). Bioerosion rates over the 49 d experiment were converted to g m -2 yr -1 to present them in the form most commonly reported in previous studies.
Data analysis. A mixed-model nested analysis of variance (ANOVA) was used to test for the effects of inorganic nutrients and OM and their interaction on bioerosion rates by all microborings and on microborer depth of penetration within the substratum, and to examine the variation in microbioerosion rates and depths of penetration among shells within a treatment (mixed procedure; SAS Institute 2004). Inorganic nutrients and OM were treated as fixed effects, and shells within treatments, as random effects. Fixed effects in the model were tested using the approximate F-tests of this procedure, and the random effect was tested using the variance component approach (Littell et al. 2006 ). The residual variance component was interpreted as the variability among sub-samples within each shell (the basal unit of replication). The percent variation explained by the nested factor relative to the total variation of the random terms was estimated by dividing the variance component of the nested factor by the total variance (shells within treatments variance + residual variance). The analysis was performed on logtransformed data to correct for lack of homogeneity of variance. Treatment effects on the percent area colonized by epilithic algae (algal turfs and crustose coralline algae) and microboring groups (green algae, cyanobacteria, and heterotrophs) were tested with a nested ANOVA using the generalized linear mixed model 'Proc GLIMMIX' procedure of SAS (SAS Institute 2004, Littell et al. 2006) for proportion data. Predicted values of percent cover were logit-transformed to linearize the data, and models were fit to the data using residual pseudo-likelihood. This generalized linear mixed model procedure assumed a pseudo-binomial error distribution because the data were recorded on a scale from 0 to 1, and a logit-link function was used (SAS Institute 2004) . Fixed and random effects in the model were the same as described above.
Tukey's test (Sokal & Rohlf 1995) was used to perform post hoc comparisons of means for significant effects. The density and bioerosion rate of 1 sample in the treatment with inorganic fertilizer was 10 standard deviations away from the mean bioerosion rate for that treatment and was, therefore, considered an outlier and removed from the analyses.
RESULTS
Epilithic algae cover on experimental substrata
At the end of the experiment, epilithic algal communities on experimental substrata were mainly composed of algal turfs (19 to 58%; Fig. 3) , with less abundance of crustose coralline algae (< 3%) in all treatments. Brown macroalgae were only recorded in one sample in the control treatment. Both algal turfs and crustose coralline algae were significantly affected by inorganic nutrient addition, but not by OM, with no interaction between the 2 factors (Table 1) . Algal turf cover was 2-to 3-fold greater in the N + P and N + P + OM treatments (58 ± 10.6% and 39 ± 24.9%, respectively; mean ± SD) than in the OM and control treatments (20 ± 13.3% and 18.8 ± 13.7%, respectively; Table 1 ). In contrast, crustose coralline algal cover was significantly greater in the control and OM treatments (2.1 ± 1.6% and 2.2 ± 1.2%, respectively) than in the treatments with inorganic nutrient additions (0.3 ± 0.8% in N + P and 0.4 ± 0.4% in the N + P + OM treatments; Fig. 3 , Table 1 ). 
Microborers within experimental substrata
Microborer species composition A total of 14 different microborer traces were identified in Strombus gigas shells, corresponding to 6 species of cyanobacteria, 3 species of green algae, 4 species of fungi, and 1 unidentified heterotroph (Table 2, Figs. 2, 4 & 5) . Traces by the green alga Phaeophila sp. were the dominant traces in all treatments (from 12 ± 2 to 51 ± 27%; mean ± 7 . Colonization by other microboring traces was highly variable and generally < 3%. Total area colonized by all microborers was 3-fold higher in treatments with added inorganic nutrients (N + P and N + P + OM) than in other treatments (Tables 2 & 3) . Total area colonized was not significantly different between the N + P and N + P + OM treatments or between the control and OM treatments (Table 3 ). Both green algae and cyanobacteria were affected by the addition of inorganic nutrients and unaffected by the addition of OM (Table 3) . These taxa were 4-fold more abundant in treatments with added inorganic nutrients (N + P and N + P + OM) than in the control and OM treatments (Tables 2 & 3, Figs. 5 & 6a). There was no statistical difference in the area colonized by euendolithic green algae or cyanobacteria between the control and OM treatments.
Heterotrophs were affected by both OM and inorganic nutrients, with no interaction between the 2 factors ( Table 3 ). The addition of OM alone increased colonization by heterotrophs by a factor of 3 in comparison with other treatments (Fig. 6a) . The area colonized by heterotrophs was not significantly different among any of the other treatments.
An estimation of the variance components for surface area colonized by green algae, cyanobacteria, and heterotrophs indicated that 84 to 98% of the total variance of the random terms was due to differences among shells within treatments and 2 to 15% to differences among subsamples within shells (Table 3) .
Differences in euendolithic community composition among treatments were best depicted when surface areas were converted to the relative area colonized (Fig. 6b) . Green algal borings dominated the control, N + P, and N + P + OM treatments (77 to 87% green algae, 6 to 8% cyanobacteria, 4 to 16% heterotrophs), whereas in the OM treatment, heterotrophs represented nearly 50% of the total area colonized (52% green algae, 4% cyanobacteria, 44% heterotrophs).
Microborer species depth of penetration
Depths of penetration of euendolithic filaments in experimental shells were significantly greater in treatments with inorganic nutrient additions (34.6 ± 11.4 µm in N + P and 34.8 ± 6.8 µm in the N + P + OM treatments; mean ± SD) than in the OM and control treatments (11.6 ± 3 and 12.3 ± 3.2 µm, respectively; Fig. 7 , Table 3 ). An estimation of the variance components indicated that 69% of the total variance of the random terms was due to differences among shells within treatments, and 31% was due to differences among sub-samples within shells.
Microbioerosion rates
Microbioerosion rates were significantly affected by the addition of inorganic nutrients, but not by the addition of OM, with no interaction between the 2 factors (Table 3 respectively; mean ± SE). There was no significant difference in bioerosion rates between the control and OM treatment. The difference in microbioerosion rates in shells within treatments accounted for 62% of the total bioerosion variance in the random terms, whereas 38% of the total variance was due to differences in sub-samples within shells.
DISCUSSION
Effectiveness of treatments
The addition of inorganic nutrients to fertilized treatments effectively increased dissolved nitrogen and phosphorus concentrations 2-to 3-fold higher than levels in controls (McClanahan et al. 2005) , and above levels considered normal for coral reefs (Kleypas et al. 1999) . Wood dust was used as a source of particulate OM to simulate decaying plant matter. Wood generally has a C:N ratio of from 150 to 1300 and a C:P ratio of from 13 000 to 130 000 (Mellilo et al. 1984) and is therefore a suitable source of increased particulate carbon and does not contain detectable levels of inorganic nutrients that would confound the experimental design. Inorganic nutrient concentrations measured in seawater from the cages confirmed that there was no elevation of inorganic nutrients in the OM treatment. Wood dust was expected to increase suspended solids and, therefore, water turbidity in the OM treatments. Nevertheless, suspended solids increased the most in treatments with added inorganic nutrients (McClana-9 Table 3 . Two-way nested ANOVA on the effects of inorganic nutrients (N + P) and organic matter (OM) additions on logit-transformed mean surface area cover (%), depth of penetration (µm) and bioerosion rates (g CaCO 3 m -2 yr -1
) by all microborers. Results of Tukey test for post hoc comparisons of means are included. C: control treatment; OM: OM treatment; N + P: inorganic nitrogen and phosphorus treatment; N + P + OM: inorganic nitrogen and phosphorus and OM treatment. Note: For random effects, the variance components are reported, while for fixed effects, the F-ratios and their probabilities are reported. df: ordinary least-squares degrees of freedom; ***p < 0.0001; **p < 0.01; *p < 0.05; ns: not significant , suggesting that inorganic nutrients were a stronger factor than OM for this measure of water quality. Although turbidity was highest in treatments with inorganic nutrients, more wood dust particle deposition was observed on experimental shells in treatments with OM. Particle deposition was also reported on coral plates used as part of the same experimental study (McClanahan et al. 2005) . Closed-top cages were used to minimize the possible effects of large grazers that were previously studied and found to reduce microflora and microbioerosion rates (Carreiro-Silva et al. 2005) . Small grazers were able to enter the cages during the experiment, and therefore, herbivory was not entirely excluded. Treatments with added OM had a significantly lower number of damselfishes and parrotfishes entering the cages than other treatments (reported in McClanahan et al. 2005) . Parrotfish feed on epilithic and endolithic algae and are important bioeroders themselves (Bellwood 1995 , Bruggemann et al. 1996 . Nonetheless, because of the small size of the cage mesh (3 cm), only juvenile parrotfish were able to enter cages and graze on the experimental substrata. Studies of ontogenic changes in parrotfish food selection and food intake have demonstrated that juvenile parrotfish feed mainly on epilithic algae, while larger fish feed increasingly on crustose corallines and endolithic algae (Bruggemann et al. 1994a,b) . Therefore, the lower numbers of juvenile parrotfish in treatments with OM is unlikely to have affected the studied colonization processes.
Epilithic algal cover on experimental substrata
The addition of inorganic nutrients increased filamentous turf algae and decreased crustose coralline algae, while OM did not significantly affect algal groups. Brown macroalgae on the experimental shells were only present in one sample in the control treat- ment, and therefore appeared unaffected by the addition of inorganic nutrients and OM during this short experiment. Findings are in agreement with reports on previous fertilization studies at Glovers Reef (McClanahan et al. , 2003 (McClanahan et al. , 2005 (McClanahan et al. , 2007 and elsewhere (Miller et al. 1999 , Thacker et al. 2001 , Burkepile & Hay 2006 . These studies consistently show that inorganic nutrients increased filamentous turf algae and either did not affect or decreased brown frondose algal colonization and cover. The response of crustose coralline algae to nutrient enrichment experiments has been variable. Studies show no effect (McClanahan et al. , 2003 (McClanahan et al. , 2005 (McClanahan et al. , 2007 , or a negative effect of phosphorus, but a positive effect of nitrate (Bjork et al. 1995) . Further studies are needed to clarify the effects of nutrients on coralline algae.
Microborers species composition and depth of penetration
Organic matter effects
Studies on the development of microboring communities through time (Kiene et al. 1995 , Gektidis 1999 have shown that bacteria and fungi are generally slow to colonize newly exposed substratum and become abundant only after 1 yr of exposure. Kiene et al. (1995) suggest that, although heterotrophic endoliths are able to feed on the organic structures that exist in shells, they become abundant only after colonization by autotrophic borers. In the present study, the addition of OM increased the abundance of heterotrophs (in particular fungi), but only when OM was added alone, not when combined with inorganic nutrients. Fungi have high physiological versatility and are able to degrade OM from a variety of substrata (e.g. leaves, wood, sediments, shells, corals; Hyde et al. 1998) . We speculate that wood dust particle deposition on experimental shells in the OM treatment may have increased the settlement success of fungal spores and enhanced their abundance. Further investigations are needed to determine the exact mechanism that led to increased abundance of fungi in the OM treatment.
The reasons for lower fungal abundance in the N + P + OM than in the OM-alone treatment are unclear, but it may be that that green algae (particularly Phaeophila sp.), when released from nutrient limitation, have more efficient growth or nutrient uptake mechanisms and colonize substrata faster than fungi. Phaeophila sp. is an early boring colonist with a short generation time, and individuals or colonies have a rapid turnover (Kiene et al. 1995) . Alternatively, in some of the more densely colonized samples, deep borings of Phaeophila sp. obscured more shallow (close to the surface) borings by fungi, leading to an underestimate of their real abundance. It is possible that, if monitored through time, a slower response of fungi to OM in these treatments may be observed, as fungi hypha penetrate deeper underneath borings of Phaeophila sp. Heterotrophic organisms are reported to grow at greater depths in substrata without organic substances and boring algae to feed on (e.g. fine-grained limestone and calcite: Kiene et al. 1995 , Vogel et al. 2000 , Wissak et al. 2005 . Other factors, apart from nutrient availability, are likely to play an important role in controlling the abundance of heterotrophic organisms, although these have been poorly investigated for carbonate substrata.
The addition of OM did not appear to negatively affect the abundance of euendolithic algae in our experiment. Lower bioerosion rates by microborers on in-shore reef sites with elevated turbidity from suspended sediments were recorded in previous investigations on bioerosion rates along a cross-shelf transect on the northern Great Barrier Reef, Australia (Tribollet et al. 2002 , Tribollet & Golubic 2005 . Investigators suggested that these lower rates resulted from reduced light and deposition of particles that inhibit the settlement and growth of autotrophic microbial euendoliths. In our experiment, turbidity was highest in treatments with added inorganic nutrients, where substratum colonization by algae was highest. Differences observed between these studies could be related to higher turbidity levels and higher particle settlement in the Great Barrier study, where coral substrata were exposed for 1 to 4 yr, in contrast to only 49 d in our study.
Inorganic nutrient effects
The addition of inorganic nutrients increased colonization by green algae 4-fold above control levels. This result confirms the trends observed by CarreiroSilva et al. (2005) when inorganic nutrients and herbivory were manipulated. The cyanobacteria Plectonema terebrans (Fig. 2c,d ) was, however, considerably less abundant in the present experiment (2.1 ± 2.8%; mean ± SD) than in the previous study (31.7 ± 13.4%). High variability in cyanobacteria recruitment into experimental substrata (Kiene et al. 1995) may explain this difference.
The lower abundance of Plectonema terebrans in the N + P treatment resulted in lower colonization of shells compared the findings of Carreiro-Silva et al. (2005) (58.1 ± 25.6% as compared with 85.2 ± 11%; mean ± SD). Although colonization by different microborer taxa (green algae, cyanobacteria, and heterotrophs) changed significantly in different treatments, the number of species recorded in each treatment varied less.
The exception was the lower number of fungal species in the N + P treatment as compared with other treatments. While OM increased the abundance of fungi, they have small boring traces, and therefore, the green alga Phaeophila sp. was the dominant taxon in all treatments. High colonization by these algae is a characteristic of early boring communities (or a juvenile biocoenosis; Gektidis 1999, Vogel et al. 2000) . At this stage of colonization, typically from 30 to 90% of the bored surface is occupied by Phaeophila sp. (Vogel et al. 2000) , which agrees with our findings.
Epilithic algal communities can influence the abundance and composition of euendolithic communities by reducing light conditions and influencing grazers (Gektidis 1999 , Vogel et al. 2000 , Chazottes et al. 2002 . Low-light specialists, such as Plectonema terebrans and Ostreobium quekettii have been observed in association with crustose coralline algae and erect algae in reefs with low grazing (Chazottes et al. 2002) , whereas the pioneer species Mastigocoleus testarum have been noted in association with high grazing and cover by epilithic algal turfs (Chazottes et al. 2002 , LeBris 2002 .
However, in the present study epilithic algal communities did not influence the abundance and composition of euendolithic communities. Algal groups that can produce the greatest reduction in light within substrata, crustose coralline and erect algae, had low cover in all treatments of our study (< 3%). Algal turfs were composed by thin, sparse, filamentous algae and responded equally strong to inorganic nutrient addition as euendolithic communities, covering from 40 to 60% of the experimental substrata in the N + P and N + P + OM treatments. In addition, the low-light specialists Ostreobium quekettii and Plectonema terebrans were not more abundant in these treatments. The interactions between epilithic and euendolithic communities reported in other studies (e.g. Gektidis 1999 , Chazottes et al. 2002 are generally for substrata exposed for > 6 mo.
Likewise, no changes in the composition of euendolithic communities were observed in treatments with OM. Therefore, the expected light reduction associated with particle deposition in treatments with added OM was not strong enough to produce changes in the taxonomic composition of microbial euendoliths. Longer experiments with better measures of light penetration into the substrata will be needed to fully describe changes in the succession of species in the microboring community.
Depths of penetration of euendolithic filaments were greatest in treatments with inorganic nutrients, but unaffected by the addition of OM. The higher abundance of green algae (mainly Phaeophila sp.) and cyanobacteria in the inorganic nutrient-enriched treatments resulted in higher depths of penetration in these treatments. Phaeophila sp. generally grows parallel to the substratum, but in shells that were intensively bored, such as in the N + P and N + P + OM treatments, species' tunnels are generally more slender and penetrate more deeply (Fig. 4b,c) . Avoidance of tunnels and passing beneath earlier borings creates this slender morphology . Euendolithic penetration depths measured in the present study are within ranges found in other shell substrata (30 µm in Strombus sp., Kiene et al. 1995;  and from 25 to 130 µm in black pearl oyster, Mao Che et al. 1996) . Penetration depths are generally lower in mollusc shells than in coral skeletons (Chazottes et al. 1995 , Tribollet 2008b ), attributable to greater porosity and translucency of coral substrata (Tribollet 2008a) .
Microbial euendoliths in the present study were identified according to morphological descriptions. Although this is traditionally the common method, recent investigations comparing electron microscopy, cultivation, and molecular genetic techniques suggest that morphological descriptions tend to underestimate diversity compared to molecular genetic techniques (Chacón et al. 2006 ). Therefore, it is possible that diversity was underestimated, particularly of filamentous fungi and cyanobacteria , Chacón et al. 2006 . Studies that include molecular genetic techniques in the characterization of microbial euendolithic organisms will provide a better understanding of their ecology and phylogenetic relationships, and are a priority for future research .
Microbioerosion rates
Inorganic nutrient additions increased microbioerosion rates by a factor ~9, while microbioerosion rates were unaffected by the addition of OM. Addition of OM changed the relative abundance of heterotrophs, but did not influence total bioerosion rates. Higher abundance of euendolithic organisms and higher depths of penetration in experimental substrata resulted in higher microbioerosion rates in treatments with inorganic nutrients. Bioerosion rates in the inorganic nutrient treatments were on the same order of magnitude as the rates obtained in our previous low herbivory and fertilized treatment (Carreiro-Silva et al. 2005) . The only other previous experimental fertilization manipulation on the Great Barrier Reef (the ENCORE experiment; Kiene 1997 , Koop et al. 2001 failed to find a fertilizer effect, probably due to poor fertilization and a lack of control for herbivory (Carreiro-Silva et al. 2005) .
Bioerosion rates in the inorganic nutrient-enrichment treatment were comparable to rates measured for coral blocks on reefs with low herbivory and nutrient pulses at Moorea Island (~570 g m -2 yr -1
; Chazottes et al. 1995 , Peyrot-Clausade et al. 1995 . Higher bioerosion rates have, however, been measured in coral blocks located on the outer reefs of Australia's Great Barrier Reef, with little or no anthropogenic influence (1001 to 1420 g m -2 yr -1
; Tribollet et al. 2002 , Tribollet & Golubic 2005 . In contrast, low bioerosion rates (57 and 67 g m -2 yr -1
) have been recorded for coral substrata in Reunion Island experiencing N and P inputs and low grazing (Chazottes et al. 2002) . These values are comparable to the rates obtained in our control treatments. Differences could be related to the use of different substrata (shells versus coral), depth, length of exposure, location, other sources of erosion such as grazing, and the methods used for the quantification of microbioerosion (Kiene et al. 1995 , Vogel et al. 2000 , Carreiro-Silva et al. 2005 . Bioerosion rates here were extrapolated from 49 d to 1 yr, which are the units most commonly reported in previous studies. However, microbioerosion rates do not increase proportionally or linearly in time, but rather are cumulative over time (Tribollet & Golubic 2005 , Tribollet 2008a ). Despite the potential shortcomings of our short-term experiment, the experimental nature of the study reduces the many confounding factors that make understanding causation in non-experimental descriptive studies difficult.
Several experimental studies of bioerosion have demonstrated considerable spatial and temporal variations in bioerosion rates by macroboring organisms (Hutchings 1986 , Hutchings et al. 1992 . Estimates of variance components associated with shell and sub-sample replicates in our study provide clues about the spatial scales at which euendolithic microorganisms tend to patch. Variability was highest among shells within treatments, suggesting patchy recruitment at this small scale. Similarly, Hutchings et al. (1992) also suggest recruitment variability may be related to factors operating at a very small scale for macroborer larvae, and we suggest this is the case for microborer spores as well.
CONCLUSIONS
Results of our present and previous (Carreiro-Silva et al. 2005 ) studies indicate that the addition of inorganic nutrients increases abundances of microboring organisms, in particular green algae and cyanobacteria, and increases bioerosion by a factor of ~9 compared with controls. Increased particulate OM in reef waters promotes the abundance of euendolithic fungi, but not erosion rates. Results from shells cannot be easily extrapolated to coral substrata, but experiments demonstrate a clear, direct effect of fertilization on increasing microbioerosion of carbonates during the early stages of colonization. Long-term studies have demonstrated that rates of microbioerosion are not linear in time (Chazottes et al. 1995 , Tribollet & Golubic 2005 , Tribollet 2008b ) and are influenced by ecological conditions such as herbivory (Chazottes et al. 2002 , Tribollet et al. 2002 , Carreiro-Silva et al. 2005 , Tribollet & Golubic 2005 and epilithic algal cover (Chazottes et al. 2002) . Microbial euendoliths promote bioerosion, not only through their own borings, but also by providing a source of food for grazers (Chazottes et al. 2002 , Tribollet et al. 2002 , Carreiro-Silva et al. 2005 , Tribollet & Golubic 2005 . Grazers, such as parrotfish, urchins, and some molluscs, remove substratum surface layers to feed on euendoliths. As the surface is excavated, the depth to which microbial euendoliths can bore is increased. In addition, borings produced by larger endoliths, such as sponges, molluscs, and worms, increase the 3-dimensional habitat available to microborers. Therefore, elevated nutrients in reef waters can initiate a feedback loop in which bioerosion is reinforced by macroboring, and microboring and grazing leading to accelerated erosion of the reef framework. Long-term experiments that manipulate and control for the above factors are likely to produce further insights into the forces influencing bioerosion. Molecular genetic techniques that characterize the phylogeny and ecology of microborer communities are also a priority for future research. 
